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Super-regional land-use change and effects
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Habitat loss through land-use change is the most pressing threat to biodiversity worldwide.
European semi-natural grasslands have suffered an ongoing decline since the early twentieth
century, but we have limited knowledge of how grassland loss has affected biodiversity
across large spatial scales. We quantify land-use change over 50–70 years across a
175,000 km2 super-region in southern Sweden, identifying a widespread loss of open cover
and a homogenisation of landscape structure, although these patterns vary considerably
depending on the historical composition of the landscape. Analysing species inventories from
46,796 semi-natural grasslands, our results indicate that habitat loss and degradation have
resulted in a decline in grassland specialist plant species. Local factors are the best predictors
of specialist richness, but the historical landscape predicts present-day richness better than
the contemporary landscape. This supports the widespread existence of time-lagged biodi-
versity responses, indicating that further species losses could occur in the future.
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Habitat loss through land-use change is widely accepted asthe primary driver of biodiversity decline worldwide1,2.Reductions in habitat availability are also limiting
responses to climate change at both the population and com-
munity level3,4. In Europe, the biodiversity of multiple taxa is
strongly dependent on semi-natural grasslands, characterised by a
long history of traditional, low-intensity management5,6. How-
ever, agricultural intensiﬁcation has resulted in many of these
grasslands being converted to arable ﬁelds or degraded through
grassland improvement or grazing abandonment, causing nega-
tive effects on biodiversity7,8. These processes still continue to the
present day, reﬂecting the ongoing conversion of natural and
semi-natural habitat occurring at the global scale9,10.
Although habitat destruction is often associated with a direct
loss of species, land-use patterns in the wider landscape can also
contribute to determining biodiversity responses at the local scale.
Varied landscapes can support larger species pools and additional
populations of individual species, which can slow biodiversity loss
in focal habitats11. As a result of processes occurring at landscape
scales, communities can experience time lags of decades, or even
centuries, before predicted future diversity losses12,13. Although
the magnitude of both temporal delays and expected extirpations
may depend on the types of habitat, landscape and organism
being studied8,13,14, these delays offer key opportunities to pre-
vent further regional biodiversity losses through targeted
restoration and conservation efforts15,16. However, widespread,
directional land-use change results in landscape homogenisation
(i.e. reductions in heterogeneity of habitat types within a land-
scape), weakening the landscape’s mediating effects, with further
detrimental implications for biodiversity and related ecosystem
services17–19.
Despite the build up of knowledge that has occurred through
numerous studies of multiple landscapes and effects on biodi-
versity, there is still an urgent need to quantify land-use change
and its effects on species across large spatial scales. In many cases,
we still do not know the full extent of habitat loss, as a lack of
historical land-use data means that quantiﬁcations of change are
generally limited to the landscape scale, with analyses of land-use
change at regional or larger scales being rare8,20,21. Coupling
large-scale quantiﬁcations of land-use change with habitat-level
species inventories is an important step forward in assessing the
generality of land-use change and how local and landscape factors
determine present-day biodiversity in landscapes spread across
larger regions and with different historical contexts.
We quantify land-use change over 50–70 years in 6733 5 × 5 km
landscapes covering a 175,000 km2 super-region covering south-
ern Sweden. We identify changes in the cover of arable land,
forest and open land (interpreted as being mostly semi-natural
grassland, but also including wetlands and urban land uses, see
Methods), alongside changes in landscape heterogeneity. We ﬁnd
that there have been signiﬁcant losses in such open land, con-
tributing to a widespread homogenisation of landscapes. Land-
scape information is then combined with plant species data from
government-initiated inventories of 56 grassland specialist plant
species in 46,796 semi-natural grasslands covering the study
region. Splitting the grassland dataset in half, we use generalised
linear models (GLMs) to identify how the past and present
landscape, the local grassland conditions and regional differences
explain the richness of grassland specialists on the set of training
grasslands. Individual, single-predictor GLMs were ﬁrst created to
establish the predictive power of landscape variables including
past and present land use and heterogeneity surrounding each
grassland, before a ﬁnal model was created including the most
informative landscape variables along with the additional local
variables describing the character of the focal grassland and its
management. The relative and additive contributions of
landscape, local and regional variables were assessed, before the
power of the full model was then evaluated by predicting spe-
cialist species richness on the remaining validation grasslands.
We ﬁnd that local factors are the main drivers of grassland spe-
cialist richness, and there is a strong regional variation in both
land-use change and effects on the specialist ﬂora. Landscape
variables are less important, but show that there is still an effect of
historical land-use on present-day richness. We infer that the loss
of open land, including much semi-natural grassland habitat, has
already resulted in a large loss of grassland specialists, but that the
role of the historical landscape implies that there could be pos-
sible future effects on biodiversity as a whole, and grassland
specialists in particular, in the absence of conservation actions.
Results
Afforestation and widespread homogenisation. Since the mid-
twentieth century, the total cover of open land in southern
Sweden has declined by 17%, with large regions showing strong
declines at the landscape scale (Fig. 1a and Supplementary
Table 1). This decline has contributed to a widespread landscape
homogenisation, where more than two-thirds of the 6733 ana-
lysed landscapes have a lower landscape heterogeneity today than
in the past (Fig. 1b). Land-use trajectories were strongly depen-
dent on the characteristics of the landscape in the mid-twentieth
century. Historically more open and forested landscapes both had
relatively high forest cover in the historical maps, and both
showed further increases in forest cover (Fig. 1c and Supple-
mentary Fig. 1). Increased forest cover was especially pronounced
in historically open areas, resulting in 94% of such landscapes
becoming more homogeneous, compared to 72% of historically
forested landscapes. In more agricultural areas, landscape het-
erogeneity was more likely to have increased, with the dominance
of arable ﬁelds declining as some areas of arable land were con-
verted into open land uses.
Drivers of grassland specialist plant richness. The 46,796 ana-
lysed grasslands contained a mean ± s.d. of 7.03 ± 4.27 of the 56
grassland specialists. The single-predictor GLMs showed that
specialist species richness in the training dataset is positively
affected by historical landscape heterogeneity and the degree of
open land in the historical and contemporary landscape (Table 1).
The cover of arable land surrounding the grassland was negatively
associated with specialist richness for both the historical and
contemporary landscape. Arable land cover in the past landscape
was a better predictor of richness than arable cover today,
whereas the reverse was true for open land use.
All landscape, spatial, local and management variables were
found to have signiﬁcant effects on grassland specialist richness
(Table 2 and Supplementary Table 2). Local-level variables such
as grassland area, heterogeneity and the presence of key grassland
types had the strongest positive impacts on specialist richness in
the full model, while the fraction of open habitat in the grassland
and the present landscape had smaller positive effects. Grasslands
with greater levels of the so-called improvement via fertilisation
contained signiﬁcantly fewer specialist species, as did those
situated in landscapes with higher historical landscape hetero-
geneity, in contradiction with the single-predictor GLM. The
number of specialist species in a grassland also depended quite
strongly upon the region in which the grassland was situated.
Landscape variables provided much lower predictive power than
local variables and region both in terms of individual predictors
in the full model and the explanatory power of the landscape
model compared with the regional and the local model (Table 3
and Supplementary Tables 3–6). Nonetheless, all three groups of
variables (landscape, local and region) provided signiﬁcant
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additional power to explaining specialist richness (Table 3),
although it was again local conditions that were found to make
the most important contribution. The full model was able to
correctly predict 34% of the variation in the specialist species
richness of the validation half of the dataset (Fig. 2). The
parameter estimate of 0.991 indicates a close relationship to 1:1,
although Fig. 2 suggests a slight tendency toward over-prediction
in the least species-rich grasslands.
Discussion
Southern Sweden suffered an extensive loss of open land between
1940–1960s and 2016. Many landscapes lost open cover
amounting to up to half of the total landscape (red pixels in
Fig. 1a), reﬂecting the abandonment of semi-natural grasslands
occurring across Europe during the twentieth century8,22,23.
However, despite the strong losses of open land in historically
open and forested landscapes, increases in some regions meant
that the total reduction of open land was somewhat lower than
estimates of semi-natural grassland loss from previous mapping
studies8,20. Gains in open land were particularly prevalent in
agricultural landscapes, which have seen abandonment in arable
land uses across Europe24. The conversion of arable to open land
is dominated by the creation of modern grassland on former
arable ﬁelds, but also includes the spread of urban land uses8,
both habitat types being of considerably less biodiversity value
than ancient semi-natural grasslands25–27. Increases in these
habitat types will have offset other losses in open land, and we
therefore consider that the actual loss of semi-natural grassland
habitat was likely much higher than the measured 17% reduction
in open land (see e.g. Cousins et al. 20158).
This loss of open, largely semi-natural grassland habitat
appears to have had a substantial negative effect on the grassland
specialist ﬂora. The number of specialists present in remaining
semi-natural grasslands is strongly coupled to grassland size and
other characteristics such as degradation of habitat quality
through grassland improvement. Coupled with the large observed
decline in grassland habitat, particularly in historically open
landscapes, this indicates that there have already been signiﬁcant
losses in grassland plant populations and possible local and
regional species extirpations during the second half of the
twentieth century. Moreover, the legacy of the historical land-
scape, predicting present-day diversity better than the modern
landscape, indicate that further losses in grassland specialist
species are likely to occur in the future without management
intervention. Higher past landscape heterogeneity may have
enabled the enduring persistence of larger landscape species pools
that could temporarily support diversity in remaining
grasslands11,12. Such lagged biodiversity effects are argued to
present an opportunity for conservation interventions to prevent
further declines15,16, although much stronger local effects on
specialist plant richness suggest that resources would be best
spent on maintaining, improving and restoring existing and
abandoned pastures and meadows (which would in many cases
also increase landscape heterogeneity), rather than focussing on
Table 1 Effect of past and present landscape on grassland plant specialist richness
Predictor Coefﬁcient Lower Upper t p R2
Past landscape heterogeneity* 0.065 0.026 0.104 3.251 0.0012 0.0004
Present landscape heterogeneity 0.022 −0.011 0.055 1.310 0.1901 0.0000
Past landscape open 0.227 0.165 0.288 7.188 <0.001 0.0022
Present landscape open* 0.472 0.414 0.530 15.930 <0.001 0.0114
Past landscape arable* −0.138 −0.178 −0.098 −6.732 <0.001 0.0018
Present landscape arable −0.125 −0.164 −0.085 −6.186 <0.001 0.0015
Results of single-predictor generalised linear models on the effect of landscape variables on the number of grassland specialist plants in 23,398 Swedish semi-natural grasslands, including 95%
conﬁdence intervals. Asterisks indicate predictors carried forward to the full model, where inclusion of corresponding past and present data for landscape variables within the same model was not
possible due to non-independence
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Fig. 1 Landscape change in southern Sweden between 1940–1960s and 2016. a The extent of decline in open land in 6733 landscapes in the study region.
b Comparison of historical and present-day landscape heterogeneity in all 6733 landscapes, with arable, open and forest landscapes deﬁned as the top
25% 5 × 5 km grid squares with the highest cover of those categories in the historical maps (n= 1683). Black solid line at 1:1 between historical and
present-day heterogeneity. c Change in cover of arable (yellow), open (light green) and forest (dark green) in arable, open and forest landscapes, showing
median, interquartile range and range excluding outliers (deﬁned as quartiles ± (1.5 × the interquartile range))
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improving the heterogeneity of the landscape per se. However,
while plants are often found to be more strongly affected by local
factors, landscape factors can be as or more important for rich-
ness in other more mobile organism groups such as invertebrates,
mammals and birds28.
Our results show strong regional differences in land-use
change (Fig. 1) as well as variation in coefﬁcient signs between
the individual and full models (Tables 1 and 2). This provides
further support to the stance that it is important to consider
the impact of regional variation in large-scale studies of land
use and land-use change29, and to avoid careless extrapolation
of measured biodiversity responses across multiple landscapes
or regions. Agri-environmental schemes provide a good
example where national or international guidelines for con-
servation management can sometimes be ineffective at local
and landscape scales30, and in some cases may even limit
biodiversity for some organism groups31,32. Furthermore, our
results also indicate that historical context in the form of
variation in both the pre-change landscape conditions and the
trajectory of land-use change that has occurred can affect
measures of biodiversity within a focal grassland, even in
landscapes that may appear similar in the present day. Here,
historical and present-day landscape factors provided rela-
tively poor, yet signiﬁcant explanatory power for grassland
specialist richness compared to local factors. However, both
these and other landscape-scale data, along with local factors
such as grassland size and other site information, can be
openly available from different sources, and can therefore
prove extremely useful for understanding local patterns of
biodiversity when site-by-site visits are not feasible33,34.
This could then be useful for practitioners tasked with
prioritising habitats and landscapes for conservation actions
when applying national-scale policy recommendations into
regional-level management practice.
Table 2 Landscape, local and regional effects on grassland plant specialist richness
Variable Para.
Est.
Lower Upper t p
Intercept 2.028 1.988 2.067 100.526 <0.001
Landscape
Present landscape open 0.024 0.009 0.038 3.220 0.001
Past landscape heterogeneity −0.037 −0.049 −0.024 −5.692 <0.001
Past landscape arable −0.080 −0.094 −0.066 −11.366 <0.001
Local
Grassland area (log) 0.178 0.162 0.195 20.863 <0.001
Grassland heterogeneity 0.220 0.206 0.234 30.769 <0.001
Area Fennoscandian species-rich dry-mesic lowland grassland (log) 0.254 0.241 0.267 38.445 <0.001
Area semi-natural dry grassland and shrubland on calcareous substrates (log) 0.116 0.105 0.128 19.451 <0.001
Grassland open habitat 0.069 0.055 0.082 9.730 <0.001
Grassland improvement −0.111 −0.125 −0.096 −14.958 <0.001
Region
Parameter compared to baseline factor Kronoberg county, which had the greatest change (reduction)
in open cover in the study region
Parameter estimate
Mean=−0.174,
Max= 0.109 (Uppsala),
Min=−0.526 (Blekinge)
p
All <0.001, except Värmland, Kalmar, Västra
Götaland and Gotland (n/s)
Full generalised linear model explaining grassland specialist richness in 23,398 Swedish semi-natural grasslands including both landscape and local predictors along with region (county), including 95%
conﬁdence intervals. Full model output including values for all regions is available as Supplementary Table 2
Table 3 Effect of landscape, local and regional variables on grassland plant specialist richness
Adjusted R2 Residual deviance DF Deviance p (>Chi)
Effect of landscape
Landscape 0.015
Local+ region 0.316 39,072
Full model 0.321 38,814 3 257.89 <0.001
Effect of local
Local 0.242
Landscape+ region 0.104 50,789
Full model 0.321 38,814 6 11,975 <0.001
Effect of region
Region 0.084
Local+ landscape 0.245 42,924 14 4110.1 <0.001
Full model 0.321 38,814
Effect of groups of variables tested both through a comparison of adjusted R2 of each model and χ2 tests comparing the full model (Table 2 and Supplementary Table 2) with models containing the other
two groups of variables to assess if the addition of a group of variables results in a signiﬁcant improvement of the model. Model descriptions of landscape, local, regional, landscape+ regional, local+
regional and landscape+ local can be found in Supplementary Tables 3–6
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We present what we believe is—in terms of temporal and
spatial extent and spatial resolution—the most extensive and
rigorous quantiﬁcation of twentieth century land-use change.
Combined with a comprehensive database of semi-natural
grassland inventories, we have identiﬁed the negative effects of
widespread losses in grassland area and landscape heterogeneity
on grassland specialist communities. It is clearly imperative that
remaining semi-natural grassland habitat is protected and
appropriately managed to promote biodiversity given alarming
rates of continued habitat conversion9,10, recognising regional
variation in widespread landscape changes. However, it is also
important to consider the landscape perspective, contributing
both to biodiversity today, as well as buffering the loss of species
following land-use change.
Methods
Data. We used our own published digitisations of the Swedish Economic Map,
which was created between the 1940s and 1960s over the 175,000 km2 study area.
Each map sheet covers 5 × 5 km and consists of a monochrome aerial orthophoto
that was usually tinted green before arable ﬁelds, gardens and pasture that had
recently been arable land were coloured yellow. Wooded areas and surface water
show up as being darker on the underlying photograph, while lighter areas
indicate open parts of the landscape, mainly consisting of grasslands, wetlands
and urban land uses. Maps were digitised semi-automatically at a 1 m resolution,
distinguishing between arable ﬁelds, forest and open areas, while surface water
was then added from the open-access 2016 Swedish terrain map, resulting in
four land-use categories. The historical period during which the mapping took
place, along with the low population density of southern Sweden means that
open areas can be broadly interpreted as managed grasslands, while the vast
majority of land in the arable category was cropped arable land. Comparisons
with manually digitised interpretations of the historical maps showed around
very good agreement at the landscape level. For more information, see Auffret
et al.35,36.
To describe broad-scale land-use change over the whole study region, the
6733 digitised map sheets covering the study area were ﬁrst aggregated to a 5 m
resolution (package: raster; function: aggregate in the R statistical environment
version 3.3.2 and above37,38), before proportions of the four land-use
categories were calculated per sheet, and landscape heterogeneity calculated as
Shannon diversity of these categories (package: vegan; function: diversity39).
For present-day landscape information, the vector ﬁle of the 2016 Swedish
terrain map was rasterised to the same resolution as the historical maps
(package: gdalUtils; function: gdal_rasterize40), before land-use categories were
recoded into the broad categories of the historical map (see Supplementary
Table 7) and semi-natural grassland habitat from the publicly available
database of the national survey of Swedish semi-natural grassland habitats
(TUVA—http://www.sjv.se/tuva) was added as open land. Proportion area and
heterogeneity of the four land-use types were then calculated per map sheet as
with the historical maps. To describe past and present land use in the
landscape surrounding the focal grasslands, area of open land and
heterogeneity were calculated within a 1000 m buffer surrounding each
grassland for both the historical landscape and the present day (buffer drawn
using package: rgeos; function: gBuffer41).
We used species and habitat data from the Swedish semi-natural grassland
database. The survey is intended to be a continuous monitoring project,
although the majority of the grassland patches have only been inventoried once,
during the project’s initial period 2002–200442. The whole of each inventoried
grassland was surveyed for the presence and relative abundance of 56 grassland
specialist species, which are vascular plants typical for Swedish semi-natural
grasslands (see Supplementary Table 8). In addition to species occurrences,
inventories involved a statement as to whether or not the grassland is currently
managed, as well as visual estimations of the fraction cover of the grassland that
has been subject to grassland improvement (including fertilisation, seed sowing
and other ground preparation), the fraction of open habitat within the grassland
(i.e. not covered by trees or shrubs) and the fraction cover of 30 categories of
habitat from the EU Habitat Directive (92/43/EEC; plus two additional
categories for ‘other’ and ‘mosaic’ landscapes, examples include Fennoscandian
wooded meadows and Boreal Baltic coastal meadows, see Supplementary
Methods). These grassland sub-habitats were converted into a measure of
grassland heterogeneity using Shannon diversity, as above. Finally, the
geographic information system (GIS)-derived total area (ha) of the grassland is
also included in the database. We included all 46,796 grasslands that are classed
as being currently managed, and in which at least one of the 56 grassland
specialists was observed.
Analysis. Changes in fractional cover of arable, open and forest land use were
calculated per map sheet by subtracting the values of the historical data from the
values of the contemporary data. To assess change in different types of landscape,
map sheets with the top 25% cover (i.e. 1683 sheets) of arable, open and forest in
the historical dataset were assigned as being characteristic of those land-use types.
Total percentage change of open land across the whole region was also calculated.
The analysis of plant specialist richness in managed semi-natural grasslands
consisted of three steps. For all steps, we used the same random selection of 23,398
grasslands from the full dataset (R-function: sample). These training grasslands
were used to build all statistical models. The remaining validation grasslands (n=
23,398) were reserved and used to assess the ability of the ﬁnal model to predict the
number of grassland specialist species within valuable grasslands across Sweden.
Training and validation grasslands were similar in terms of number of specialist
plant species (mean ± s.d. training grasslands: 7.01 ± 4.21; validation grasslands:
7.05 ± 4.23).
Our ﬁrst step was to create six GLMs (R-function: glm) to establish the
predictive power of each individual landscape variable in predicting specialist
species richness in the training grasslands. In each model, species richness was
the response variable, with one of past landscape heterogeneity, present
landscape heterogeneity, past landscape open cover, present landscape open
cover, past landscape arable cover and present landscape arable cover as the
predictor variable. Past and present landscape forest cover were not used as
predictors in models due to the strong negative correlation between open and
forest cover (Supplementary Table 9), and our focus on grasslands mean that we
analysed open cover only. These and all subsequent GLMs were ﬁtted with
Quasi-Poisson distributions to correct for overdispersion in the response
variable. The adjusted R2 for each model was calculated using the function rsq
from the package rsq43.
Our next step was to evaluate the relative importance of landscape variables,
local variables describing the focal grassland and its management and region in
explaining grassland specialist species richness. To do this, we ﬁtted seven
GLMs. The ﬁrst was a landscape GLM containing predictor variables from the
previous step. Due to non-independence of corresponding past and present
landscape variables (Supplementary Table 9), we chose to include the variables
with the highest predictive power based on the single-predictor GLMs (Table 1).
The landscape model therefore contained past landscape heterogeneity, past
landscape arable cover and present-day landscape open cover as predictor
variables. A second, local GLM was then created, including the following
grassland-level variables: grassland area (log-transformed to reduce the skew in
its distribution), grassland heterogeneity, fraction improved grassland, fraction
open habitat, logged area of semi-natural dry grassland and shrubland on
calcareous substrates and logged area of Fennoscandian species-rich dry-mesic
lowland grassland. The two grassland sub-habitats had been determined by an
exploratory random forest analysis44 to be the most important of the Habitat
Directive habitats in predicting grassland specialist species richness
(Supplementary Methods). A third, region model had only the administrative
region (county) of Sweden in which the grassland was located as a predictor
variable. Region is likely to represent various aspects of policy history, regional
β = 0.991
R 2 (adj.) = 0.34
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geography and species pools that are likely to differ across large spatial scales.
Additionally, the historical maps were created on a county-by-county basis and
differ in the time that land use was mapped. The fourth, ﬁfth and sixth models
contained two of each of the sets of variables, that is, landscape+ local,
landscape+ region and local+ region. The seventh model was a full model
containing all landscape, local and region variables. To facilitate comparisons
between parameter estimates, predictors in all seven models were standardised to
have a mean of 0 and a standard deviation of 0.5 (package: arm; function:
standardize45). To compare the relative effect of landscape, local variables and
region in predicting specialist plant species richness, adjusted R2 of each model
was calculated. Then, χ2 tests were performed to evaluate the additional
explanatory power that each set of variables contributed, with each of the
landscape+ local, landscape+ region and local+ region compared to the full
model to test the contribution of region, local and landscape values, respectively
(R-function: anova).
Our third and ﬁnal step was to use the full model to predict the number of
grassland specialists in the 23,398 validation grasslands that were withheld from the
modelling. The predicted values were used as a predictor in a linear regression (R-
function: lm) with observed numbers of grassland specialists as the response, as
recommended by Piñeiro et al.46.
Data availability. Historical land-use data are available at https://doi.org/
10.17045/sthlmuni.4649854. Present-day open-access terrain maps are available
from the Swedish Agency Lantmäteriet (https://www.lantmateriet.se/sv/Kartor-
och-geograﬁsk-information/oppna-data/). GIS data for the grassland database can
be downloaded from the Swedish Agency Jordbruksverket (http://www.sjv.se/tuva),
where species occurrence data per grassland can also be browsed online. The full
database is available as a spreadsheet on request from the agency.
Received: 12 March 2018 Accepted: 6 August 2018
References
1. Baillie, J. E. M., Hilton-Taylor, C. & Stuart, S. N. IUCN Red List of Threatened
Species. A Global Species Assessment (IUCN, Gland and Cambridge, 2004).
2. Newbold, T. et al. Has land use pushed terrestrial biodiversity beyond the
planetary boundary? A global assessment. Science 353, 288–291 (2016).
3. Hodgson, J. A., Thomas, C. D., Dytham, C., Travis, J. M. J. & Cornell, S. J. The
speed of range shifts in fragmented landscapes. PLoS ONE 7, e47141 (2012).
4. Oliver, T. H. et al. Large extents of intensive land use limit community
reorganization during climate warming. Glob. Change Biol. 23, 2272–2283
(2017).
5. Öckinger, E. & Smith, H. G. Semi-natural grasslands as population sources for
pollinating insects in agricultural landscapes. J. Appl. Ecol. 44, 50–59 (2007).
6. Billeter, R. et al. Indicators for biodiversity in agricultural landscapes: a pan-
European study. J. Appl. Ecol. 45, 141–150 (2008).
7. Jiang, M., Bullock, J. M. & Hooftman, D. A. P. Mapping ecosystem service and
biodiversity changes over 70 years in a rural English county. J. Appl. Ecol. 50,
841–850 (2013).
8. Cousins, S. A. O., Auffret, A. G., Lindgren, J. & Tränk, L. Regional-scale land-
cover change during the 20th century and its consequences for biodiversity.
Ambio 44, 17–27 (2015).
9. Kuemmerle, T. et al. Hotspots of land use change in Europe. Environ. Res. Lett.
11, 064020 (2016).
10. Watson, J. E. M. et al. Persistent disparities between recent rates of habitat
conversion and protection and implications for future global conservation
targets. Conserv. Lett. 9, 413–421 (2016).
11. Tscharntke, T. et al. Landscape moderation of biodiversity patterns and
processes—eight hypotheses. Biol. Rev. 87, 661–685 (2012).
12. Hylander, K. & Ehrlén, J. The mechanisms causing extinction debts. Trends
Ecol. Evol. 28, 341–346 (2013).
13. Halley, J. M., Monokrousos, N., Mazaris, A. D., Newmark, W. D. & Vokou, D.
Dynamics of extinction debt across ﬁve taxonomic groups. Nat. Commun. 7,
12283 (2016).
14. Adriaens, D., Honnay, O. & Hermy, M. No evidence of a plant extinction debt
in highly fragmented calcareous grasslands in Belgium. Biol. Conserv. 133,
212–224 (2006).
15. Kuussaari, M. et al. Extinction debt: a challenge for biodiversity conservation.
Trends Ecol. Evol. 24, 564–571 (2009).
16. Wiens, J. A. & Hobbs, R. J. Integrating conservation and restoration in a
changing world. Bioscience 65, 302–312 (2015).
17. Tscharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, I. & Thies, C.
Landscape perspectives on agricultural intensiﬁcation and biodiversity—
ecosystem service management. Ecol. Lett. 8, 857–874 (2005).
18. Gámez-Virués, S. et al. Landscape simpliﬁcation ﬁlters species traits and drives
biotic homogenization. Nat. Commun. 6, 8568 (2015).
19. Dainese, M. et al. Landscape simpliﬁcation weakens the association between
terrestrial producer and consumer diversity in Europe. Glob. Change Biol. 23,
3040–3051 (2017).
20. Hooftman, D. A. P. & Bullock, J. M. Mapping to inform conservation: a case
study of changes in semi-natural habitats and their connectivity over 70 years.
Biol. Conserv. 145, 30–38 (2012).
21. Willcock, S. et al. Land cover change and carbon emissions over 100 years in
an African biodiversity hotspot. Glob. Change Biol. 22, 2787–2800 (2016).
22. Pärtel, M., Mandla, R. & Zobel, M. Landscape history of a calcareous (alvar)
grassland in Hanila, western Estonia, during the last three hundred years.
Landsc. Ecol. 14, 187–196 (1999).
23. Bender, O., Boehmer, H. J., Jens, D. & Schumacher, K. P. Analysis of land-use
change in a sector of Upper Franconia (Bavaria, Germany) since 1850 using
land register records. Landsc. Ecol. 20, 149–163 (2005).
24. Queiroz, C., Beilin, R., Folke, C. & Lindborg, R. Farmland abandonment:
threat or opportunity for biodiversity conservation? A global review. Front.
Ecol. Environ. 12, 288–296 (2014).
25. Walker, K. J. et al. The restoration and re-creation of species-rich lowland
grassland on land formerly managed for intensive agriculture in the UK. Biol.
Conserv. 119, 1–18 (2004).
26. McKinney, M. L. Urbanization as a major cause of biotic homogenization.
Biol. Conserv. 127, 247–260 (2006).
27. Öster, M., Ask, K., Cousins, S. A. O. & Eriksson, O. Dispersal and
establishment limitation reduces the potential for successful restoration of
semi-natural grassland communities on former arable ﬁelds. J. Appl. Ecol. 46,
1266–1274 (2009).
28. Gonthier, D. J. et al. Biodiversity conservation in agriculture requires a multi-
scale approach. Proc. R. Soc. Lond. Ser. B 281, 20141358 (2014).
29. Socher, S. A. et al. Interacting effects of fertilization, mowing and grazing on
plant species diversity of 1500 grasslands in Germany differ between regions.
Basic Appl. Ecol. 14, 126–136 (2013).
30. Batary, P., Baldi, A., Kleijn, D. & Tscharntke, T. Landscape-moderated
biodiversity effects of agri-environmental management: a meta-analysis. Proc.
R. Soc. Ser. B 278, 1894–1902 (2010).
31. Jakobsson, S. & Lindborg, R. Governing nature by numbers—EU subsidy
regulations do not capture the unique values of woody pastures. Biol. Conserv.
191, 1–9 (2015).
32. Wood, H., Lindborg, R. & Jakobsson, S. European Union tree density limits do
not reﬂect bat diversity in wood-pastures. Biol. Conserv. 210, 60–71 (2017).
33. Bailey, J. J., Boyd, D. S., Hjort, J., Lavers, C. P. & Field, R. Modelling native and
alien vascular plant species richness: At which scales is geodiversity most
relevant? Glob. Ecol. Biogeogr. 26, 763–776 (2017).
34. Sullivan, M. J. P. et al. A national-scale model of linear features improves
predictions of farmland biodiversity. J. Appl. Ecol. 54, 1776–1784 (2017).
35. Auffret, A. G. et al. Data from: HistMapR: rapid digitization of historical land-
use maps in R. Figshare https://doi.org/10.17045/sthlmuni.4649854 (2017).
36. Auffret, A. G. et al. HistMapR: rapid digitization of historical land-use maps in
R. Methods Ecol. Evol. 8, 1453–1457 (2017).
37. Hijmans, R. J. raster: Geographic data analysis and modeling. R Package
Version 25-8 http://CRAN.R-project.org/package=raster (2016).
38. R Development Core Team. R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, Vienna, 2017).
39. Oksanen, J. et al. vegan: Community ecology package. R Package Version 23-5
http://CRAN.R-project.org/package=vegan (2016).
40. Greenberg, J. A. & Mattiuzzi, M. gdalUtils: Wrappers for the geospatial data
abstraction library (GDAL) utilities. R Package Version 2017 http://CRAN.R-
project.org/package=gdalUtils (2015).
41. Bivand, R. & Rundel, C. rgeos: Interface to geometry engine—open source
(GEOS). R Package Version 03-19 http://CRAN.R-project.org/package=rgeos
(2016).
42. Swedish Board of Agriculture. Ängs- och betesmarks- inventeringen 2002–2004
(Swedish Board of Agriculture, Jönköping, 2005).
43. Zhang, D. rsq: R-Squared and related measures. R Package Version 10 https://
CRAN.R-project.org/package=rsq (2017).
44. Liaw, A. & Wiener, M. Classiﬁcation and regression by randomForest. R News
2, 18–22 (2002).
45. Gelman, A. & Hill, J. Data Analysis Using Regression and Multilevel/
hierarchical Models (Cambridge University Press, Cambridge, 2007).
46. Piñeiro, G., Perelman, S., Guerschman, J. P. & Paruelo, J. M. How to evaluate
models: observed vs. predicted or predicted vs. observed? Ecol. Model. 216,
316–322 (2008).
Acknowledgements
This work would not have been possible without the efforts of the practitioners who
inventoried tens of thousands of semi-natural grasslands across Sweden. We also thank Simon
Jakobsson, Helle Skånes, Marika Wennbom and Heather Wood for their help in digitising the
historical maps, and to the maintainers of University of York’s Advanced Research Computer
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05991-y
6 NATURE COMMUNICATIONS |  (2018) 9:3464 | DOI: 10.1038/s41467-018-05991-y | www.nature.com/naturecommunications
Cluster (YARCC) which was used for the quantiﬁcation of land-use change. A.G.A. and E.W.
are supported by the Swedish Research Council Formas projects 2015-1065 and 2009-1105,
while A.K. is supported by The Swedish Research Council Vetenskapsrådet project E0526301.
J.P. is funded by The Foundation for Baltic and East European Studies.
Author contributions
All authors contributed equally to this study. J.P. and A.G.A. conceived the broad study
idea, with all authors working together to design research questions, plan analyses and
interpret results. Data were collated by E.W. and A.G.A. and analysed by A.K. and A.G.A.
A.G.A. led the writing, with signiﬁcant input from all co-authors.
Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41467-
018-05991-y.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05991-y ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:3464 | DOI: 10.1038/s41467-018-05991-y | www.nature.com/naturecommunications 7
